Introduction
Kynurenic acid (KYNA) is one of the endogenous products of tryptophan metabolism, formed along the kynurenine pathway. This pathway is a link between the immune and the nervous system; it also plays an immunoregulatory role during infections, pregnancies, autoimmunological processes, neoplasm growth and after organ transplantations [1] [2] [3] . One of the major enzymes of the kynurenic path such as IDO (indoleamine 2,3-dioxygenase) is expressed mainly in lymphoid organs and the nervous system, and its production grows substantially during inflammations and infections. The most important stimulant of IDO is thought to be interferon γ (IFN-γ), released by activated T lymphocytes and other leukocytes [4, 5] . Thus, infections in the organism are accompanied by an elevated degradation and IDO-induced depletion of tryptophan, which in turn is linked to the inhibited proliferation of viruses, parasitic protozoa and other pathogens, as well as neoplastic cells [4, 5] . Besides, some of the tryptophan metabolites produced in the kynurenic pathway (kynurenines) are responsible for the negative feedback in the inflammatory state, and their effect on the activity of T cells, consisting in the anti-proliferative and pro-apoptotic influences, is of particular importance [3] [4] [5] .
Moreover, KYNA, being a selective ligand of the GPR35 receptor, is involved in the modulation of the immune response because this receptor is expressed mainly on cells connected with the immune system [2, 3, [6] [7] [8] . Under the influence exerted by KYNA on this receptor, the synthesis of pro-inflammatory cytokines [interleukin 1α (IL-1α), tumor necrosis factor α (TNF-α), high mobility group box 1 (HMGB1)], and less often anti-inflammatory ones (IL-4) in different cells is depressed [2, 3, [7] [8] [9] . While it is true than a nanomolar concentration of KYNA found in the plasma and tissues of healthy individuals is insufficient to activate GPR35 receptors, in the inflammatory condition, owing to effect of oral administration of kynurenic acid on the activity of the peripheral blood leukocytes in mice the activation of IDO, the KYNA concentration rises to micromolar levels, which enable the activation of receptors [3, 8] . Pharmacological modulation of the GPR35 receptor by KYNA may prove to be helpful whenever it is necessary to correct an excessive or inadequate response of the immune reaction of the organism. Besides, the fact that GPR3 receptors are present on the surface of enterocytes of intestinal crypts together with effective absorption of KYNA in the digestive tract [10, 11] raises hope that this acid could also be used as a potential dietary supplement. Relatively high levels of KYNA are for example found in beekeeping products and in some herbs, which -alongside the ability of KYNA to affect the immune system -may prove that it is one of the active bodies, responsible for the health-promoting effects of the above products [12] .
The available literature is short of reports on the influence of KYNA administered through the alimentary route on the activity of immune cells in healthy animals. This has encouraged us to undertake a study with the aim of determining the effect of KYNA, given to mice in different doses (2.5, 25 or 250 mg/l) and for different time periods (3, 7, 14 , 28 days) in drinking water, on the activity of leukocytes in the peripheral blood. The proliferative activity of lymphocytes was assessed in an MTT reduction colorimetric assay while the phagocytic activity and respiratory burst activity of granulocytes and monocytes were analyzed by flow cytometry (Phagotest and Phagoburst kits).
Material and methods

Mice
The experiment was performed on 160 male BALB/c mice, aged 10-12 weeks, with body weight of 22-26 g. The animals were maintained on a 12-h light/dark cycle at controlled temperature (20 ±1°C) and supplied with rodent chow and water ad libitum throughout the experiment. Mice were divided randomly into four equal groups: control group (0) not receiving the KYNA, and three experimental groups administered the KYNA (Sigma-Aldrich) solution in drinking water at concentrations of 2.5, 25 or 250 mg/l. After 3, 7, 14 and 28 consecutive days of administration of the KYNA solution, 10 individuals from each group were sacrificed. The animals were anesthetized by inhalation of Aerrane (isoflurane, Baxter Poland) and their blood was collected by heart puncture. Blood collected from five individuals of each group was used for the MTT assay, and from the next five for the flow cytometry. The experiment has been approved by the Local Ethics Committee.
Isolation of leukocytes
In order to isolate lymphocytes for the MTT test the whole heparinized blood was placed on density gradient Histopaque 1077 (Sigma-Aldrich), and then centrifuged at 400 g for 30 min at 20 o C. The interface cells were collected and washed three times with the RPMI-1640 medium at 250 g for 10 min. Viability of isolated cells was evaluated by trypan blue exclusion and was determined to be greater than 95% in each case. The cells were suspended in RPMI-1640 medium containing 10% fetal calf serum (Sigma-Aldrich) and 1% antibiotic-antimycotic solution (Sigma-Aldrich), and dispensed into 96-well plates at a concentration of 2 × 10 6 cells ml -1 . Then, the lymphocytes were cultured at 37 o C under humidified atmosphere of 5% CO 2 and 95% air atmosphere and used for the MTT assay.
Proliferativeresponseofbloodlymphocytes-MTT assay
Mitogenic response of blood lymphocytes was determined using the MTT colorimetric assay [13] . Cells were suspended in RPMI 1640 growth medium containing mitogens -concanavalin A (ConA, Sigma-Aldrich) at a concentration of 5 µg ml -1 as a T-cell mitogen or lipopolysaccharide from escherichia coli (LPS, Sigma-Aldrich) at concentration of 10 µg ml -1 as a B-cell mitogen and 100 µl of the suspension was added to each well of microtiter plates. The mixture was incubated for 72 h. After incubation, 25 µl of the solution containing 7 mg ml 
Determination of blood granulocyte and monocytephagocyticactivity-Phagotest
The blood granulocyte and monocyte phagocytic activity was measured in whole heparinized blood using a commercially available kit (Phagotest kit, Orpegen Pharma, Germany) according to manufacturer's instructions. In short, FITC-labeled opsonized e. coli bacteria were added to whole blood and incubated for 10 min at 37°C (experimental tube) or 0°C (negative control tube). After incubation, the reaction was stopped, erythrocytes were lysed and the DNA staining solution was added. Fluorescence of samples was measured using a FACSCanto II cytometer (Becton Dickinson Biosciences) in less than 60 min after the last reagent had been added. The data were acquired by FACSDiva version 6.1.3. software (BD Biosciences) and analyzed by FlowJo software (Tree Star Inc., Stanford, CA, USA). The Phagotest is performed with the involvement of fluorescein-stained e. coli bacteria which are phagocytized by the cells. The test determines the percentage of phagocytizing cells, granulocytes and monocytes separately, and their phagocytic activity, i.e. the number of bacteria absorbed by a single cell in terms of mean fluorescence intensity (MFI).
Determination of oxidative burst activity of bloodgranulocytesandmonocytes-Phagoburst
Respiratory burst assay was performed using a commercially available kit (Phagoburst kit, Orpegen Pharma, Germany) according to manufacturer's instructions. Briefly, opsonized e. coli bacteria (experimental tube) or washing solution (negative control tube) were added to whole blood and incubated for 10 min at 37°C. Following incubation, dihydrorhodamine (DHR 123) was added for 10 min, erythrocytes were lysed and DNA staining solution was added. Dihydrorhodamine 123 becomes fluorescent when oxidized by reactive oxygen species, and its fluorescence was measured in less than 30 min after the last reagent had been added by flow cytometry, as described above. The test determines the percentage of active cells, as well as the respiratory burst intensity within a single cell in terms of mean fluorescence intensity (MFI).
Statistical analysis
Data were analysed statistically by one-way analysis of variance (ANOVA). Bonferroni's post test was used to determine differences between groups. Statistical evaluation of results was performed using GraphPadPrism software package.
Results
All the analyzed doses of KYNA affected the activity of leukocytes in the peripheral blood of mice, although the lowest one (2.5 mg/l) had the most profound influence in contrast to the highest one (250 mg/l), which produced the weakest effect. Besides, the effect of the lowest dose was in some respects different from the action produced by the two higher doses. It was only the influence of KYNA on the intensity of oxidative burst in granulocytes and monocytes that was similar irrespective of the applied dose ( Table 1) .
Effect of KYNA administration on the proliferative activity of blood lymphocytes (MTT assay)
The lowest KYNA dose stimulated the proliferative response of T lymphocytes (p < 0.05), after 7 and 28 days of administering the acid to the animals. The remaining doses did not affect significantly the activity of T cells. None of the assessed doses had any influence on the proliferative activity of B lymphocytes ( Table 2) .
Effect of KYNA administration on the phagocytic activity of blood granulocytes and monocytes (Phagotest)
A considerable effect of KYNA on the percentage of phagocytizing cells was observed after its prolonged administration, with the lowest dose causing a reverse effect to the one resulting from the application of the two higher doses. In response to the lowest dose given for the longest time (28 days), a significant decrease in the percentage of active cells, both among granulocytes (p < 0.05) and monocytes (p < 0.01), was observed. The two higher doses raised the percentage of phagocytizing granulocytes -the medium dose (25 mg/l) after 14-day administration (p < 0.05) and the highest dose after 28 days (p < 0.05). In addition, the medium dose, after 14 days of administration, caused an increase in the percentage of active monocytes (p < 0.01) ( Table 3 ). The influence of KYNA on the rate of phagocytosis, measured by an average fluorescence intensity of cells, was positive, irrespective of the applied dose. However, it occurred after a slightly shorter time of the administration of KYNA to animals. The lowest dose stimulated the ingestion of bacteria by monocytes after 7 days (p < 0.001) and by granulocytes after 14 days of administration (p < 0.05). The medium dose intensified phagocytosis only in granulocytes after 14 days of administration (p < 0.05), whereas the highest dose resulted in more intensive phagocytosis only in monocytes after 7-day administration (p < 0.001) ( Table 4) .
Influence of KYNA administration on the oxidative burst activity of blood granulocytes and monocytes (Phagoburst)
It was only the lowest dose of KYNA that had an effect on the percentage of cells subjected to oxidative burst after bacterial stimulation, by increasing substantially the number of active monocytes after 7 days (p < 0.01) and depressing the count of active granulocytes after the longest administration period (p < 0.05). The two higher doses did not have a significant influence on this parameter, regardless of the duration of their administration (Table 5) .
Irrespective of the applied dose, KYNA significantly depressed the intensity of oxidative burst in cells, and granulocytes proved to be most sensitive to KYNA. The two lower KYNA doses caused a significant effect on granulocytes starting from day 3 of administration, and this influence lasted until the experiment was terminated. Regarding the highest dose of KYNA, a decrease in the intensity of respiratory burst in granulocytes was observed only after 7 days of administration (p < 0.001). A significant decline in the analyzed parameter in monocytes was noticed after 7 and 28 days of the administration of the lowest dose p < 0.001), after 14 (p < 0.05) and 28 (p < 0.001) days of giving the medium dose and only after 7 days (p < 0.001) of giving the highest dose (Table 6 ).
Discussion
In view of the literature data, the stimulation of T lymphocyte proliferation observed in the present experiment in response to the lowest KYNA dose may seem a rather unexpected result. As mentioned in the introduction, both the IDO and kynurenine pathway stimulation alone and some of this pathway metabolites produce an anti-proliferative effect on T cells. In the case of such kynurenines as L-kynurenine, 3-hydroxykynurenine and 3-hydroxyanthranilic acid this effect is most probably due to the cytotoxic influence of their high concentrations [4] . However, not all IDO metabolites act in the same manner. Terness et al. [4] proved the lack of influence of anthranilic acid and quinolinic acid on T cells, and in a study by Kudo et al. [1] , KYNA, rather than inhibiting the proliferation of the peripheral blood mononuclear leukocytes, caused their slight stimulation (not significant statistically). Kynurenine as such, in investigations conducted by several researchers, produced various effects: leaving T cells unaffected, or else producing pro-apoptotic and anti-proliferative effects, but such divergent results may have originated from differences between experimental models [1, 3, 4] . Also, our previous experiment on rainbow trout given kynurenic acid in feed revealed a slightly different way in which KYNA affected proliferation of lymphocytes from the one detected herein. In fish, similar to mice, the proliferation of T cells was stimulated by the lowest dose of the acid (2.5 mg/ kg feed) after 28-day administration, but the highest dose (250 mg/kg feed) after the shortest administration period (7 days) significantly inhibited the proliferation of both T and B cells [14] . An elevated level of KYNA, which is not toxic, could have nonetheless affected lymphocytes by promoting apoptosis, as some other kynurenines do [4, 8] .
Thus, it appears that kynurenic acid can produce a variety of effects on lymphocytes, depending on its dose, duration of its administration, administration route or, finally, the species of animals which are given such supplementation. The mechanism of action may be different for KYNA and for other kynurenines, which could be due to the fact that the GPR35 receptor on the surface of immune cells is selectively activated by KYNA but not by other kynurenines.
Besides, it has been demonstrated that KYNA influences the activity of phagocytizing cells through the GPR35 receptor. The expression of this receptor is much stronger on monocytes, neutrophils, dendritic cells and T cells than on B lymphocytes, iNKTs, eosinophils and basophils [8] . The activation of the receptor by KYNA induces an anti-inflammatory action through the inhibition of the synthesis of early (TNF-α, IFN-γ) and late (HMGB1) pro-inflammatory cytokines by mononuclear cells, including monocytes and macrophages [2, 3, 15, 16] . Also, KYNA lowered the secretion of HNP1-3 α-defensin in granulocytes, the substance which serves as an indicator of the activation of these cells [16] . It can therefore be supposed that KYNA inhibits the activity of phagocytizing cells. On the other hand, it has also been demonstrated that KYNA stimulates adhesion of monocytes and neutrophils to the vascular endothelium, which is an important element of the activation and migration of phagocytizing cells from the bloodstream to tissues. The positive influence of KYNA on this process suggests that the acid can play a part of chemokine in an early stage of the activation of leukocytes and its effect on phagocytizing cells might include the early activation phase and late anti-inflammatory phase [17] . The above observations can explain the unequivocal influence of KYNA on the peripheral blood phagocytizing cells in mice, shown herein. This influence changed depending on the dose of KYNA, its administration period and the type of examined cells, with the stimulating influence on some of the examined parameters more typically noticed after shorter KYNA administration periods.
The only of the analyzed parameters which all the tested doses of the acid affected in a similar fashion throughout most of the experiment was the intensity of oxidative burst. Both in granulocytes and in monocytes, a decrease in the oxidative metabolism of cells occurred, and this event was probably connected with the antioxidant properties of KYNA. The literature data prove that some of the kynurenic pathway metabolites, including kynurenic acid, are redox active substances. Antioxidant characteristics of KYNA have been verified both in in vitro studies and on an animal model. In non-biological systems, KYNA turned out to be a potent ROS (reactive oxygen species) scavenger, active towards the hydroxyl radical (•OH), superoxide anion (O 2 -) and peroxynitrite anion (ONOO -). Kynurenic acid was proved to be ten-fold more active towards the superoxide anion than a very important endogenous antioxidant such as GSH. It has been demonstrated on biological models that lipid peroxidation, oxidative protein degradation and ROS formation were depressed in the presence of KYNA [18] . A decreased synthesis of ROS may have been an effect of KYNA acting on the NO level and activity of the enzymes involved in this process. Kaszaki et al. [9] showed a depressed activity of XO (xanthine oxidase) due to KYNA under in vitro conditions, and a reduction of the activity of XOR (xanthine oxidoreductase, main source of the mucosal superoxide radical) in intestines of dogs with mechanical colon obstruction caused by exogenous kynurenic acid. Moreover, both in dogs with colon obstruction and in mice subjected to endotoxemia, KYNA caused a significant decrease in the NO level in blood serum, which enables us to perceive it as a potential endogenous anti-inflammatory factor, particularly helpful in combating systemic inflammations [7, 9] . It is so because NO affects the recruitment of leukocytes, leads to production of reactive oxygen and nitroso species, and is one of the factors responsible for death due to septic shock.
Both nitrogen oxide and ROS, whose levels in the quoted research were affected by KYNA, are key substances engaged in the process of oxidative burst, examined in the present study. The oxygen-dependent mechanisms of eliminating microorganisms by phagocytes are an extremely important aspect of the non-specific (innate) immune response of an organism to infectious agents, but overproduction of ROS by phagocytizing cells leads to effect of oral administration of kynurenic acid on the activity of the peripheral blood leukocytes in mice some damage of tissues around the site of inflammation and plays a role in the pathogenesis of such diseases as emphysema, acute respiratory distress syndrome, atherosclerosis, malignancy and rheumatoid arthritis [19] . Thus, kynurenic acid may find applications as an immuno-modulating agent able to correct an excessive or inadequate response of phagocytizing cells, protecting the organism from oxidative stress. In this research, the strongest inhibitory effect, both on ingestion of bacteria and oxidative burst, was generated by the lowest dose of KYNA after the longest administration period, although a decreased rate of respiratory burst was observed already on the third day of administration of the acid. The effect appeared in healthy animals, hence a choice of a dose as well as a route and duration of the administration of kynurenic acid to diseased patients requires further and broader research.
